We present UFTI K-band imaging observations of 222 galaxies that are selected from the Sloan Digital Sky Survey to have unusually strong Hδ absorption equivalent widths, W • (Hδ) > 4Å. Using GIM2D, the images are fit with two-dimensional surface brightness models consisting of a simple disk and bulge component to derive the fraction of luminosity in the bulge, B/T . We find that the galaxies with weak or absent Hα or [OII]λ3727 emission (known as k+a galaxies) are predominantly bulge-dominated (with a mode of B/T ∼ 0.6), while galaxies with nebular emission (known as e[a] galaxies) are mostly disk-dominated (B/T ∼ 0.1). The morphologies and (r − k) colours of most k+a galaxies are inconsistent with the hypothesis that they result from the truncation of star formation in normal, spiral galaxies. However, their (u − g) and (r − k) colours, as well as their Hδ line strengths, form a sequence that is well matched by a model in which > 5 per cent of the stellar mass has been produced in a recent starburst. The lack of scatter in the dust-sensitive (r − k) colours suggests that the unusual spectra of k+a galaxies are not due to the effects of dust. The e(a) galaxies, on the other hand, have a colour distribution that is distinct from the k+a population, and typical of normal or dusty (τ V ∼ 2) spiral galaxies. We conclude that many e(a) galaxies are not progenitors of k+a galaxies, but are a separate phenomenon. Both k+a and e(a) galaxies reside in environments (characterized by the local density of galaxies brighter than M r = −20) that are typical of normal galaxies and that are inconsistent with overdense regions like rich galaxy clusters.
INTRODUCTION
A possible interpretation of the diverse properties of galaxies is that, under the right circumstances, they can transform from one type to another (e.g. Baldry et al. 2004) . For example, galaxy mergers are an effective way to transform gas-rich, star-forming spiral galaxies into gas-poor, passively evolving elliptical galaxies (Barnes 1992; Springel 2000) . Support for this interpretation is best obtained by finding examples of galaxies in the process of transformation; however, these examples will be rare if the transformation timescale is short.
One of the best candidates for such a transition population is the class of galaxies with spectra that have unusually strong Balmer-line absorption, but that lack emission lines. Although originally discovered in galaxy clusters at z ∼ 0.3 (Dressler & Gunn 1982) , later work showed that these galaxies are also found in low-density environments, at low redshift (Zabludoff et al. 1996; Castander et al. 2001; Goto et al. 2003; Quintero et al. 2004 ) and at higher redshift Balogh et al. 1999 ). Stellar population synthesis modelling suggests that the spectra are best modelled as a post-starburst, with all star formation ceasing following the burst (Couch & Sharples 1987; Dressler & Gunn 1992; Barger et al. 1996; Poggianti et al. 1999; Balogh et al. 1999 ). Less extreme examples (i.e. with weaker Balmer absorption lines) do not necessarily require a burst, but can be modelled as a normal star-forming galaxy in which star formation is suddenly truncated. Since the lifetime of the enhanced Balmer lines is short ( < ∼ 0.5 Gyr), even a small observed population of such galaxies might indicate that a significant fraction of all galaxies have undergone a transformation via this phase; it is even possible that they represent the route by which all early-type galaxies form (Norton et al. 2001; Tran et al. 2003) .
The spectral properties (e.g. line strengths) of these unusual galaxies are not completely disjoint from those of the normal galaxy population, but rather represent the tail of a continuous distribution (e.g. Zabludoff et al. 1996; Balogh et al. 1999) . Given the large number of free parameters available to model the spectra (e.g. metallicity, initial mass function, and multi-component dust models, in addition to the parametrization of the star formation history), it is not therefore possible to uniquely define the spectral characteristics of a post-starburst galaxy, and this has led to a variety of definitions and nomenclatures. We will adopt the nomenclature (but not the precise definition) of Dressler et al. (1999) , and call galaxies with strong Balmer absorption, but no detectable nebular emission, k+a galaxies (because the spectrum approximately resembles a combination of k-star and a-star spectra). Galaxies with strong Balmer lines and some emission we will refer to as e(a). Furthermore, for clarity, when referring to previous work we will retain this nomenclature, although the definitions vary significantly between samples. In particular, the use of the Hα emission line, often not available in earlier spectroscopic samples, makes a significant difference to the sample selection (e.g. Abraham et al. 1996; Quintero et al. 2004; Blake et al. 2004 ). Our precise definitions of the k+a and e(a) galaxies are given in § 2.1.
The spectra of e(a) galaxies are even more difficult to interpret than those of k+a galaxies, as it is difficult to find a model that predicts both emission lines (arising from star formation rather than an active nucleus) and strong Balmer absorption. This is primarily because the OB stars, which dominate the optical luminosity and are required to produce the emission lines, have intrinsically weak Balmer absorption lines. Thus, the relationship between k+a and e(a) galaxies is unknown. One possible model is that e(a) galaxies have a two-phase dust distribution, in which the OB stars are preferentially obscured, relative to the A-stars (Poggianti & Wu 2000) . It has been suggested that some e(a) galaxies may be in the midst of a dust-obscured starburst and will resemble k+a galaxies when the star formation ends. The fact that some merging starburst systems and ultraluminous infrared galaxies exhibit e(a) spectra may support this hypothesis (Liu & Kennicutt 1995) . Another possibility is that some k+a galaxies are extreme examples of the e(a) phenomenon, where the dust obscuration is strong enough to completely eliminate the emission lines Balogh & Morris 2000) . However, this latter interpretation is not likely the case for the majority of the k+a population, which are undetected in HI and radio continuum (Chang et al. 2001; Miller & Owen 2001) .
Until recently, detailed studies of k+a and e(a) galaxies have been limited to small samples (e.g. Zabludoff et al. 1996; Galaz 2000) . Long-slit spectroscopy (Norton et al. 2001 ) and highresolution Hubble Space Telescope imaging (Yang et al. 2004 ) of some k+a galaxies suggest that they result from the recent merger of gas-rich disk galaxies and will evolve into relaxed spheroidal galaxies that lie on the fundamental plane. However, because of the small sample size it is not clear how general the interpretation is (e.g. Galaz 2000; Caldwell et al. 1996; Bartholomew et al. 2001; Tran et al. 2003) . Recently, large samples of nearby k+a and e(a) galaxies have been compiled from the Sloan Digital Sky Survey (Goto et al. 2003; Quintero et al. 2004 ) and the 2dF Galaxy Redshift Survey (Blake et al. 2004 ). These studies confirm the extreme rarity of such galaxies; for example, Goto et al. (2003) find that < 0.1 per cent of all galaxies satisfy our definition of a k+a galaxy. Quintero et al. (2004) and Blake et al. (2004) find that most of these galaxies are bulge-dominated and are found in all environments. However, the morphologies are based on visual light, which is sensitive to recent star formation. In the present paper, we present near-infrared observations for a large sample of k+a and e(a) galaxies drawn from the Goto et al. (2003) sample to directly study the stellar mass and its morphological distribution.
The paper is structured as follows. In § 2 we describe the galaxy sample and the photometric and morphological measurements. The main results are presented in § 3, and the colours, Hδ line strengths and luminosities are compared with various model predictions in § 4. Our conclusions regarding the connection between e(a) and k+a galaxies, as well as a comparison with other results in the literature, are given in § 5. Finally we summarize our findings in § 6. For cosmology-dependent quantities, we assume a matter density Ωm = 0.3, a dark energy component ΩΛ = 0.7 and a Hubble constant of 70 km s −1 Mpc −1 .
DATA

The Galaxy Sample
We selected our sample from the catalogue of Goto et al. (2003) , based on the first data release of the Sloan Digital Sky Survey (Abazajian et al. 2003) . This catalogue contains all galaxies for which the rest frame equivalent width of the Hδ absorption line is W•(Hδ) > 4Å (with 2σ confidence), as measured from the spectrum using a Gaussian-fitting technique. A second Gaussian was fit to correct for emission-filling when emission lines are present. From this sample, we identify two main types of galaxies: e(a) galaxies have either Hα or [OII] detected in emission with at least 2σ confidence (but see below), while for k+a galaxies these emission lines are undetected at the same significance level. These definitions are similar in spirit to those of Dressler et al. (1999) . However, our definition of a k+a galaxy is stricter in the sense that we require both stronger absorption in Hδ (4Å compared with 3Å) and our data quality and wavelength coverage allows us to be more comprehensive in excluding galaxies with emission lines , require only that W•([OII]) < 5Å).
In particular, Hα is a more sensitive indicator of star formation than [OII] , and its inclusion in the selection criteria is important (e.g. Abraham et al. 1996; Quintero et al. 2004; Blake et al. 2004 ). However, in this work we will show that the properties of e(a) galaxies with only weak emission lines, W•(Hα) < 10Å and W•([OII]) < 10Å, are similar to k+a galaxies (i.e. those without any emission). We will therefore find it convenient to exclude these from the e(a) sample, and present them as a third class of galaxy. Not wishing to complicate the nomenclature further, we will simply refer to them as k+a galaxies with weak emission. From this catalogue, we selected galaxies with z > 0.05 and surface brightness z ′ < 21.25 mag arcsec −2 for infrared observations. The selection was mostly random, though preference was given to k+a galaxies over the more common e(a) galaxies. Furthermore, we excluded a few galaxies that showed emission line ratios clearly indicative of an active nucleus. For weak emission lines, the strong underlying absorption that is characteristic of e(a) galaxies makes it difficult to measure robust line ratios and, therefore, we cannot exclude the possibility that some of these galaxies have a contribution to their emission from an active nucleus. The target list of 128 k+a galaxies (including those with weak emission) is given in Table 1 . This gives the positions (columns 1 and 2), redshift (column 3) and r magnitude (column 4) from the SDSS catalogue. The remaining columns list derived quantities that are described later in the paper, as appropriate. Table 2 lists the same quantities for the 94 e(a) galaxies in the sample. This is smaller than the k+a sample because we preferentially observed k+a galaxies; in a magnitudelimited sample, e(a) galaxies are at least twice as common as k+a galaxies (Goto et al. 2003) .
As a comparison sample, we take galaxies from the second data release of the SDSS (Abazajian et al. 2004 ); 99756 of these have infrared magnitudes that are available from the 2MASS (Jarrett et al. 2000) catalogue, which is complete to Ks = 13.9. In particular, we will use the u, g, and r magnitudes from the SDSS catalogue. The (u − g) colour is particularly important as it has been shown to effectively divide galaxies into two distinct populations, based on their star formation rate (e.g. Strateva et al. 2001; Baldry et al. 2004) . These data will be compared with our k+a and e(a) galaxy samples in relatively small redshift bins, so differences in the overall redshift distribution are not important.
Near infrared Observations
Observations were made with the UFTI near-infrared imaging spectrograph on UKIRT over two semesters. In semester 02B we observed in classical mode over Aug 23-30. Weather conditions were mixed, but we obtained H and K-band images of 144 galaxies in 4 clear nights. In semester 03A we were awarded an additional 33 hours of queue-scheduled observing time to complete the observations, and another 100 galaxies were imaged in good conditions over that semester.
The K− band integrations were 600s long, dithered in a 9-point pattern. The exposures in H were shorter (75s), and dithered in a 5-point pattern. Dark frames were obtained 2-3 times per night. Data reduction was performed using the standard UKIRT pipeline reduction tool, which aligns the dithered images and subtracts a sky frame made from the data.
Measurements
Photometry
Photometry was performed with the IRAF task qphot by computing the flux within a circular aperture and subtracting the sky flux measured in an annulus outside this aperture. To provide the best match with the SDSS photometry, we compute the flux within an aperture that is twice as large as the R-band Petrosian radius. This magnitude, corrected for Galactic extinction using the dust maps of Schlegel et al. (1998) , is then directly comparable to the magnitudes used to compute Petrosian colours in the optical SDSS bands.
Standard stars were observed throughout both runs to calibrate the photometry; however, non-photometric conditions, particularly during the classically-scheduled first run, mean this calibration is unreliable. To establish the zeropoint with better precision, we compare the aperture photometry within a 5 ′′ aperture with the equivalent aperture photometry from the 2MASS, where available. Using this comparison, we trace zeropoint changes as a function of time through each run, and this way are able to calibrate the data to within ∼ 0.08 mag; this zeropoint uncertainty always dominates our statistical uncertainty. All our observations were made near zenith and no airmass corrections were applied. We do not correct our magnitudes for Galactic extinction, as this correction is typically < ∼ 0.01 mag in the K−band.
In Figure 1 we show the distribution of the difference between our total (Petrosian) magnitudes and the Kron elliptical magnitudes measured by 2MASS, for 56 galaxies. This difference is normalised by the quadrature sum of the uncertainties in the two magnitudes (σ∆K), so the distribution should be a Gaussian with standard deviation of unity if the magnitudes are consistent within the errors. We include the systematic zeropoint uncertainty of 0.08 magnitudes on our UKIRT observations. The solid line shows this Gaussian curve for comparison; the data are fully consistent with this distribution, which shows that our fixed-metric apertures can be directly compared with the 2MASS Kron elliptical magnitudes. In absolute terms, the 1-σ standard deviation of the difference between the two magnitudes is 0.15 mag. The measured magnitudes are given in column 5 of Tables 1 and 2 .
Luminosities are computed assuming a ΛCDM cosmology with the spectroscopic redshift from SDSS. No k-correction or evolution correction is applied to the luminosities or colours presented in this paper. This is because these corrections are modeldependent, and by their nature the galaxies in this sample may have unusual star formation histories which make the usual models inapplicable. Instead, we will compare samples within the same, relatively narrow, redshift ranges.
Morphology measurements
Galaxy morphologies are determined by fitting a two-dimensional parametric model to the surface brightness distribution, using the GIM2D software (Simard et al. 2002) . The model consists of a bulge and disk component, and is completely described by twelve parameters. From these fits, we derive the ratio of the bulge luminosity to the total luminosity, B/T . Since the small UFTI field of view does not generally contain enough stars to obtain a reliable point-spread function (PSF) for each image, we use the PSF from the standard star observed most closely in time (generally within 2 hours). We find no significant correlation between the measured B/T and the seeing or redshift, from which we conclude that uncertainties in the PSF do not significantly influence our B/T measurements. The measured B/T values are given in column 6 of Tables 1 and 2. The formal uncertainties in B/T computed by GIM2D are quite small, < 0.1; however, the true uncertainty is likely to be dominated by systematic errors (such as PSF fitting and the assumption of a r 1/4 law for the bulge) on the order of ∼ 0.1-0.2. We also note that the B/T will be meaningless in irregular systems of close pairs or merging galaxies.
In Appendix A we show images and the corresponding surface brightness fits for most 1 of the galaxies in our sample, grouped by B/T and emission line strength ( Figures A1-A8 ). For each galaxy we show the central 12 ′′ of the original K−band image, as well as the GIM2D best-fit model (with logarithmically spaced contours), and the residuals between the two. A visual comparison shows that the GIM2D B/T ratio provides a reasonable morphological classification; the low B/T galaxies mostly have obvious disks, while the high B/T galaxies are generally spheroidal. The method clearly does not deal well with galaxies that are distorted or have twisted isophotes; however, most of the galaxies in our sample have a normal appearance.
We also visually inspect each image for obvious signs of interactions, and we mark any galaxy that shows the strong morphological distortion typical of tidal effects, or a close companion and some indication for tidal distortion, as a possible interacting system. Our images are not deep enough to search for low surfacebrightness tidal features, however. Furthermore, the completeness of our list of interacting galaxies is uncertain without doing a careful analysis of how surface brightness dimming with redshift and differences in galaxy surface brightness profile alter the detection of these features (e.g. Yang et al. 2004 ). We therefore do not present a quantitative analysis of these potentially interacting galaxies in this paper.
Stellar population modelling
To help interpret our observations we use the Bruzual & Charlot (2003) population synthesis models. For our fiducial model we assume a Salpeter (1955) initial mass function with solar metallicity. We first verify that reasonable models are able to reproduce the colours of normal galaxies by comparing with the r−selected SDSS data in Figure 2 . The simplest case is to compare a singleburst, dust-free model, evolved for a Hubble time (13.7 Gyr), with bright (i.e. high signal-to-noise) SDSS galaxies which have no detectable [OII] or Hα emission lines. The model prediction is shown as the large, filled circle, and the data are the small points; the agreement is good, and improved if we include a range of abundances for the early type population: a model with lower metal abundance, 40 per cent of solar, yields bluer colours as indicated by the longer arrow. Dust extinction changes the colours in the other direction, as shown by the shorter arrow. This estimate is based on the two-component model of Charlot & Fall (2000) , with a total optical depth of τv = 1, of which 30 per cent arises from the ambient ISM and the remainder is due to molecular clouds. Thus younger, more massive stars are more heavily extincted than the older stellar population. To compare the model predictions for normal, star-forming galaxies we compute a model with a constant star formation rate over a Hubble time, and include dust extinction of τv = 1, again assuming 30 per cent of the extinction arises from the ambient interstellar medium. This type of model is known to be a reasonable representation of local, star-forming galaxies (e.g. Brinchmann et al. 2004) . The model is presented as the large star in Figure 2 , and is compared with SDSS galaxies with W•(Hα) > 40Å and
. Again the agreement is good, and the vectors show the effect of increasing the extinction to τv = 2 or decreasing the metallicity to 40 per cent of solar. The solid line shows the evolutionary track of a galaxy with a SFR that declines exponentially, with a timescale of 4 Gyr, and τv = 1; it nicely traces the locus of normal emission-line galaxies in the SDSS as it evolves over a Hubble time (from blue to red colours).
These models illustrate the usefulness of the (u − g), (r − k) colour combination. The (u − g) colour is sensitive to population age (it differs by almost 1 magnitude between the two models), but is relatively weakly sensitive to metallicity and, especially, dust effects. On the other hand, the (r − k) colours are approximately equally sensitive to age, metallicity and dust. 
to the k+a sample. The distributions of k+a and e(a) galaxies are distinctly different, in the sense that k+a galaxies are primarily bulgedominated, while e(a) galaxies are mostly disk-dominated. Figure 3 shows the distribution of B/T for the k+a and e(a) galaxies in the sample. The two types of galaxies have distinctly different morphologies (significant at the > 3σ level): while almost all the k+a galaxies are bulge-dominated, the opposite is true for e(a) galaxies. Similar results have been found by (Quintero et al. 2004) , based on measurements of the Sersic profiles rather than B/T ratios. Including galaxies with weak emission ( W•(Hα) < 10Å, W•([OII]) < 10Å) in the k+a sample does not change this result. Thus, galaxy morphology is correlated more strongly with the instantaneous star formation rate (i.e. emission lines) than with recent star formation over the last ∼ 1 Gyr as represented by the Hδ absorption line.
RESULTS
Galaxy morphologies
A closer examination of the disk-dominated k+a galaxies in Figure A1 shows that most have a very smooth disk component, with little or no evidence for spiral structure in the model residuals. This contrasts with the e(a) disk-dominated galaxies shown in Figure A7 , which show morphologies more akin to typical spiral galaxies. The spheroid-dominated k+a galaxies appear mostly normal, with few signs of disturbance or interactions, although our data are not deep enough to identify the subtle features expected from recent merger activity (Yang et al. 2004 ).
Environment
We can characterize the galaxy environment by the number of neighbouring galaxies (e.g. Dressler 1980 ). Specifically, we measure Σ5, the density derived from the projected distance to the fifthnearest neighbour brighter than Mr = −20, as in Balogh et al. (2004) . This gives a useful estimate of the local density for galaxies at z < ∼ 0.1; at higher redshifts the spectroscopic limit is brighter . The distribution of projected local surface density Σ 5 for the k+a population at 0.05 < z < 0.1 (shaded histogram, including galaxies with weak emission lines) compared with the r−selected SDSS subsample in the same redshift range (solid line). The remaining lines show the SDSS distribution restricted to galaxies in clusters with σ > 400 km s −1 : the dashed line represents galaxies within 1 < R/R vir < 3 and the dotted line represents galaxies with R < R vir , where R vir is the cluster virial radius. The k+a galaxies are found in typical environments, and not preferentially in or near clusters.
than Mr = −20, and Σ5 is therefore an underestimate. We therefore restrict our sample to galaxies in the redshift range 0.05 < z < 0.1.
In Figure 4 we show the distribution of Σ5 for the 46 k+a galaxies (including those with weak emission) in the redshift range 0.05 < z < 0.1, compared with the distribution for all galaxies in that redshift range from the SDSS data (including those without available infrared magnitudes from 2MASS). The two distributions are statistically consistent with being drawn from the same population. Thus, k+a galaxies at 0.05 < z < 0.1 are not more likely to be found in clusters than the typical r−selected galaxy in the SDSS. For comparison, we also show the distribution of Σ5 for the subset of the SDSS galaxies found in clusters with velocity dispersion σ > 400 km s −1 . The clusters are selected from the C4 catalogue of Miller et al. (2005) , and we divide the galaxies into two populations based on their projected position relative to the cluster virial radius, Rvir. In the virialised regions of clusters, r < Rvir, densities are typically Σ5 > ∼ 2 Mpc −2 , much larger than the densities of all but a few of our k+a galaxies. Even when considering only galaxies well outside the virial radius of these clusters, 1 < R/Rvir < 3, local densities are typically ∼ 3 times larger than average, and inconsistent with the k+a galaxy population. We therefore confirm the conclusions of others (Zabludoff et al. 1996; Quintero et al. 2004; Blake et al. 2004) , that nearby k+a galaxies do not preferentially reside within clusters and rich groups; moreover, they are not more likely to be found in these dense environments than typical, r−selected galaxies.
Although k+a galaxies are found in both high and low density regions, it is interesting to investigate whether those few that are found in clusters differ in any significant way from the rest of the population. In Figure 5 we show the B/T ratio of the galaxy The open circles show the e(a) galaxies, while the solid circles represent the k+a galaxies. Triangles are k+a galaxies with a small amount of emission, W•(Hα) < 10Å and W•([OII]) < 10Å. The histograms on the top and left of the figure show the collapsed distributions of Σ 5 and B/T for the k+a galaxies (including those with weak emission) and e(a) galaxies, as indicated. Although k+a and e(a) galaxies are found in similar environments, their morphologies are distinctly different. sample with 0.05 < z < 0.1, as a function of Σ5. The small sample means that it is difficult to robustly identify any trends with environment, and a Spearman's rank correlation test does not find a significant correlation. However, we note that in the densest regions, Σ5 > 2 Mpc −2 , we do not find any galaxies with B/T> 0.6. Although this difference is not statistically significant, neither can we rule out the possibility that k+a galaxies in clusters are mostly disk-dominated (e.g. Tran et al. 2003; Caldwell et al. 1996) , and are a distinct phenomenon from the bulge-dominated galaxies in the field.
The e(a) galaxies, while morphologically quite distinct from the k+a galaxies, inhabit similar environments. The distributions and sample means of Σ5 for the two populations are statistically consistent with being drawn from the same population, as determined with a Kolmogorov-Smirnov test and a Students t-test, respectively. Thus the difference between these two types of galaxy does not appear to be related to environment.
Optical and infrared magnitudes
The photometric data are presented as a colour-magnitude diagram in Figure 6 , where we compare the optical (u-g) colours of our sample with the UKIRT k magnitudes, in four redshift bins. For comparison we also show as small dots those SDSS galaxies with W•(Hα) < 4Å, for which a K-band magnitude is available from the shallower 2MASS. Our r−selected e(a) and k+a galaxies have k magnitudes as faint as k ∼ 15, well below the 2MASS limit. Because the sample is magnitude-limited, the luminosity distribution is strongly redshift-dependent. We show the characteristic magnitude K * from Cole et al. (2001), M = −24.2, at the midpoint of Figure 6 . The observed (u-g) colours as a function of k magnitude for the k+a galaxies (filled circles) and e(a) galaxies (open circles). Triangles represent k+a galaxies with weak emission lines. The small dots are normal SDSS galaxies for which K−magnitudes are obtained from 2MASS, and which show no Hα emission ( W•(Hα) < 4Å). We only show a random 10 per cent of the galaxies for clarity. The dotted lines show the characteristic luminosity M * = −24.2 from Cole et al. (2001) , neglecting small kand evolution-corrections. Our magnitude selection effect means the nearby galaxies are mostly faint, while the highest redshift sample includes only the most luminous galaxies.
each redshift bin, neglecting k-and evolution-corrections, which are small for normal galaxies (generally < 0.2 mag). In our highest redshift bin (z > 0.15), which contains ∼ 30 per cent of the sample, the galaxies are very luminous, ∼ 1.5 mag brighter than L * . On the other hand, at the lowest redshifts, 0.05 < z < 0.075, all seven of the k+a galaxies observed are fainter than K * , by up to ∼ 1 mag. Note that this is consistent with the results of Poggianti et al. (2004) who find that the k+a population in Coma consists mostly of faint galaxies. However, the lack of brighter galaxies in our small low-redshift sample is only inconsistent with the normal, passive galaxy distribution at the 2σ level. Most of the k+a and e(a) galaxies are bluer in (u-g) than the red sequence of typical SDSS galaxies lacking Hα emission. This is not surprising, since the e(a) galaxies have emission lines indicative of ongoing star formation, and the strong Hδ absorption of the k+a galaxies likely indicates recent star formation activity.
INTERPRETATION AND MODELLING
Optical and infrared colours
We show the optical-infrared colour (r−k) as a function of (u−g) in Figure 7 . The solid line in the figure is the normal spiral evolution track introduced in Figure 2 ; it is evident that most of the e(a) galaxies lie along this locus. The tightness of the colour relation is surprising, and may break down at the highest redshifts, z > 0.15, where unfortunately our sample of e(a) galaxies is small. It is also noteworthy that many e(a) galaxies lie redward of the end of the normal spiral track (and redder than normal star-forming galaxies; The solid line shows a galaxy with τv = 1 and an exponentially declining star formation rate, with τ = 4 Gyr; colours become redder with time. The dotted line shows the effect of truncating star formation in a galaxy that was forming stars at a constant rate for 13.7 Gyr (i.e. a Hubble time). The dashed line shows the evolution of a galaxy with an old stellar population after the addition of a burst accounting for 15 per cent of its stellar mass. Evolution is from left to right, and both models assume no dust extinction. Further details on the models are given in the text. The k+a and e(a) galaxies are distinctly separate populations in this plane, and generally inconsistent with the truncated-star formation model (dashed line).
recall Figure 2 ), in the direction expected if they are more than normally reddened by dust.
In contrast, the k+a galaxies have colours that are distinct from those of most normal galaxies in general, and e(a) galaxies in particular. In particular, they have (u−g) colours that are intermediate between the passive and star-forming population, as we saw in Figure 6 , while their (r − k) colours are similar to those of the normal star-forming population. Note also that galaxies with only weak emission (the triangles in the figure) have colours most similar to the k+a population, rather than the e(a) population or something in between the two.
To interpret these colour distributions, we consider two distinct variations on the normal galaxy models introduced in § 2.4. It is not our goal to explore the full range of parameter space; degeneracies with dust, initial mass function, and metallicity make it difficult to make robust statements about the star formation history. However, we will contrast two very different models as an illustration of the two broad paths generally proposed to generate a k+a spectrum: either truncating star formation in a normal disk galaxy, or introducing a short burst of star formation on an older population. We model the first case ("truncation") by taking a galaxy with a constant star formation rate and truncating star formation after a Hubble time (13.7 Gyr, at which point the integrated colours are similar to those of normal spiral galaxies); this model is shown as the dotted line in Figure 7 . We assume no dust extinction in this model, based on the assumption that even if the initial galaxy has substantial dust, the termination of star formation (whether by merger-induced starbursts or gas stripping, for example) would be accompanied by a depletion of dust as well. At the time when star formation ceases, the model quickly becomes redder in the star-formation sensitive (u − g) colour; however the (r−k) colour remains approximately constant. Approximately 300 Myr later, (r − k) also begins to redden. Furthermore, the (u − g) colour evolution slows down: it takes ∼ 1.4 Gyr for (u − g) to redden by only another 0.2 magnitudes. The observed population of k+a galaxies (and a few e[a] galaxies) have (u − g) colours that are similar to this transition point, a few hundred Myr after the truncation of star formation; however, the (r − k) colours of many are too blue. This is a generic problem of the assumption that the galaxy starts from a colour that is typical of normal spiral galaxies, since (r − k) can only get redder after the truncation of star formation, and including dust extinction in the model makes the situation worse. The only way to match the (r − k) colours with this kind of model is to start with a bluer galaxy, initially, than a galaxy with a constant star formation rate. One way to do this would be with a current (or very recent) star formation rate that exceeds its past average; this becomes a weaker version of the "starburst" model considered below. We can therefore conclude that the (r − k) colours of many k+a galaxies are inconsistent with the assumption that they form via the truncation of star formation in normal spiral galaxies.
To investigate the alternative case, we start with an evolved (13.7 Gyr), dust-free, single burst population, which has colours typical of the red locus of SDSS galaxies. We then add a burst comprising 15 per cent of the total mass of stars formed and evolve the model for another 2 Gyr; this is shown as the dashed line (which starts from the end of the burst and evolves redward). In this case, the colour evolution provides an excellent match to the average colours of most k+a galaxies. We cannot draw strong conclusions regarding the strength or age of the burst based on these data, however. Even for this particular choice of parameters (i.e. metallicity, dust, initial mass function) the scatter in the colours admits any burst strength > 5 per cent.
It is evident is that the e(a) population in general does not lie along either model track: their colours resemble normal spiral galaxies more than they do an early phase of the k+a galaxies. This is at least true for all but the highest redshift galaxies in our sample. At z > 0.15 the e(a) and k+a populations may be more consistent with a single colour sequence, approximately following the truncated spiral galaxy model. However, there are few data here, and they span a significant redshift range which will increase the scatter in the colours. If the difference relative to the lower redshift bins is real, it may be an evolutionary effect, or it may be a luminosity effect, as the highest redshift k+a and e(a) galaxies are up to ∼ 3 magnitudes more luminous (and therefore likely more metal-rich) than their low-redshift counterparts.
Colours and Hδ line strengths
In Figure 8 we show the observed and model dependence of Hδ line strength on (u − g) and (r − k) colour. The models are the same ones presented in Figure 7 . In order to make the comparison between the models and data fair, the line strengths for both are remeasured following the definition of Worthey & Ottaviani (1997) . These measurements differ from the more sophisticated measurements of Goto et al. (2003) , which are based on a model Worthey & Ottaviani (1997) , is shown as a function of (u − g) colour (left) and (r − k) colour (right). The open symbols are the e(a) galaxies, and the solid circles are k+a galaxies. Triangles are k+a galaxies with a small amount of nebular emission. The lines show the same models as in Figure 7 , and the arrow in the lower right corner shows the effect of increasing the dust extinction by 1 magnitude in a galaxy with a constant star formation rate. Note that the Hδ A predictions for the normal spiral model (solid line) are upper limits, as emission-filling will reduce the equivalent width. The k+a galaxies show good agreement with the burst model (dashed line), while many of the e(a) galaxies are particularly noteworthy for their very red (r − k) colours, suggestive of strong dust obscuration.
Gaussian fit to the data; to distinguish them we adopt the notation of Worthey & Ottaviani (1997) and label them HδA. In general the two measurements are comparable, but there are a few cases where the Worthey & Ottaviani (1997) definition yields a significantly lower value. The original Goto et al. (2003) measurements are given in column 7 of Tables 1 and 2, while our remeasured HδA are listed in column 8. For completeness, the rest-frame equivalent widths of [OII] and Hα from the SDSS pipeline are also given in those tables as columns 9 and 10, respectively.
As has been noted many times before (e.g. Couch & Sharples 1987; Poggianti et al. 1999; Balogh et al. 1999) , truncating star formation in a normal spiral galaxy (i.e. one that has been forming stars at a constant rate for many Gyr) does not produce strong enough W•(Hδ) to match the strongest-lined k+a galaxies. However, the relatively narrow colour range of most of the k+a galaxy population is in remarkably good agreement with the 15 per cent burst model, for the range of observed W•(Hδ) strengths. The galaxies with the strongest Hδ lines are the most convincing: only the burst model can match the relatively red (u − g) colours and the blue (r − k) colours, simultaneously with the strength of the absorption. Again the burst strength is not well constrained, and any burst making up at least 5 per cent of the stellar mass is in agreement with most of the data.
On the other hand, the e(a) galaxies show a large amount of scatter, and do not appear to form a single sequence. Some of this scatter will be caused by emission-filling of Hδ absorption, which is not accounted for, and means that HδA is an underestimate of the underlying absorption. Although in many cases the (u − g) colours and Hδ line strengths are approximately consistent with the truncated spiral model, the (r −k) colours are much too red for this to be the correct model (also, of course, the presence of emission lines in the spectrum means a completely truncated model cannot be physically correct). In fact, the (r − k) colours of the reddest galaxies are not matched by any of the models presented here; since this colour is much more sensitive to dust extinction than (u − g), one possible interpretation is that e(a) galaxies are more heavily extincted than normal spirals. For most of the population an extra ∼ 1 magnitude of dust extinction would be consistent with their position on the colour-colour diagram of Figure 7 . Conversely, the lack of scatter in (r − k) colour for the k+a population means that dust is unlikely to play a strong role in the spectral properties of these galaxies.
Stellar luminosities and masses
The K−band luminosity is a good tracer of stellar mass, and is less sensitive to the recent star formation history than optical luminosities. However, the M/LK ratio can still vary by a factor ∼ 2 depending on population age; in Figure 9 we show how M/LK depends on (u − g) and (r − k) colour for the models considered in this paper. The fiducial model of an old galaxy population, presented in Figure 2 , has M/LK ∼ 1.15, while the constant starformation model (with τv = 1 dust extinction) has M/LK ∼ 0.55. Thus, the bluest normal galaxies are typically a factor ∼ 2 less massive then red galaxies of the same K−luminosity. Our best interpretation for most of the e(a) population is that they are normal (though possibly dusty) spiral galaxies, which means they will also have M/LK ∼ 0.55. We also show the models of truncated star formation in a normal disk galaxy, and of a 15 per cent burst superposed on an old stellar population. Recall that this latter model provides a good match to the colours, Hδ line strengths, and morphologies of the k+a population, but the burst strength is poorly constrained only to be > 5 per cent by mass. This model predicts M/LK ∼ 0.8 ± 0.1 at the colours typical of the k+a galaxies at z ∼ 0.12, not too dissimilar from the value one would obtain by interpolating between the evolved and star-forming models, as a function of (u − g). Thus, if the model we have chosen to represent the colours of k+a galaxies is correct, then they have ∼ 75 per cent of the mass of normal, passive galaxies at the same K-band luminosity. The typical M/LK will be higher, ∼ 1 ± 0.1 if the burst only makes up 5 per cent of the final mass, and more consistent with the M/LK of normal passive galaxies.
DISCUSSION
The connection between e(a) and k+a galaxies
The observations and modelling results presented in this paper suggest that most e(a) galaxies are not directly related, in an evolutionary sense, to k+a galaxies. This conclusion is based primarily on the fact that, although the range of Hδ absorption strengths are similar, the colours and infrared morphologies of the two populations are quite distinct. In particular, the insensitivity of K luminosity to recent star formation provides a strong morphological argument against the interpretation that k+a galaxies arise following the end of star formation in e(a) galaxies. From Figure 3 we saw that most k+a galaxies have B/T∼ 0.6, while most e(a) galaxies have B/T∼ 0.1. If we assume that all star formation occurs in the disk component, then a termination of star formation means the disk will fade by only a factor ∼ 2 (Figure 9 ). Thus the typical e(a) galaxy that started with B/T= 0.1 would end up with B/T= 0.18, where the disk is still much more prominent than for typical k+a galaxies. Conversely, to reproduce the typical morphology of k+a galaxies through disk fading, the progenitor would have to have B/T= 0.42. Therefore this simple fading mechanism cannot connect the two different morphological distributions, and this conclusion is only strengthened if some of the star formation takes place in the bulge, rather than the disk (e.g. Norton et al. 2001) . Although this conclusion holds for about half the e(a) population, we note that the distribution of e(a) morphologies includes a significant tail extending to bulge-dominated systems, which are morphologically consistent with being progenitors of k+a galaxies.
The colours of most e(a) galaxies are sufficiently red that it is unlikely their colours will evolve to match those of k+a galaxies once star formation stops. This does not mean that none of the e(a) galaxies will evolve into k+a types; the bluest ∼ 10 per cent of the population may be starburst systems that could represent k+a progenitors. However, most of these blue e(a) galaxies still have disk-dominated morphologies, as shown in Figure A6 . It is possible that a subsequent merger event could destroy this disk, and in fact, about half of the bluest e(a) galaxies show some suggestive evidence for interaction with a nearby companion. However, it is not clear if this abundance of interactions is better correlated with galaxy colour or Hδ line strength, so we cannot conclude that the e(a) spectrum is a unique characteristic of interacting systems destined to become k+a galaxies. Finally, we note that if the colours of e(a) galaxies are the result of unusually strong dust obscuration, then more of them will have blue intrinsic colours; as long as the dust is destroyed with the cessation of star formation (for example, in a starburst), their colours might evolve to be consistent with those of k+a galaxies.
Although we conclude that e(a) galaxies are not all progenitors of k+a galaxies, we note that the argument does not work in reverse. It is possible that the progenitors of today's k+a population all had an e(a) spectrum in the past. These progenitors would have to be either a subset of the e(a) galaxies observed today (those that are blue and disk-dominated) or perhaps an entirely different population of very blue e(a) galaxies that are so short-lived they are not present in our sample. However it seems likely that selection based on Hδ strength alone is not an efficient way to find the progenitors of k+a galaxies.
We will consider the mass function of k+a and e(a) galaxies in a subsequent paper; here we present just the observed distribution of K-band luminosities, uncorrected for selection effects, to ensure that our comparisons of the two populations are based on samples of similar stellar masses. In Figure 10 we show the luminosity distributions in solar units, using K⊙ = 3.33 (Cox 2000) , neglecting k-and evolutionary corrections. We include galaxies with weak emission lines in the k+a sample. From the mass-to-light ratio calculation computed above we see that the mode of our k+a sample is at M ∼ 8 × 10 10 M⊙; for the e(a) galaxies (which we interpret as normal spiral galaxies) the mode is only 25 per cent lower, at M ∼ 6 × 10 10 M⊙. This only shows that when comparing the two types of galaxies we are comparing objects of similar mass; of course the shape of the distributions are heavily biased by our selection function.
Comparison with previous work
Our data are most consistent with the interpretation that local k+a galaxies are a short-lived phase that occurs following a starburst Figure 10 . The K luminosity distribution, in solar units, of the k+a galaxies (shaded histogram, including galaxies with weak emission lines) and the e(a) galaxies (solid histogram). This is just the observed distribution of the sample and is not corrected for magnitude (or other) selection effects. The two distributions are not significantly different, demonstrating that the observed differences in morphology and colours are not due to differences in luminosity. The dotted line shows the characteristic luminosity, from Cole et al. (2001) , for reference. in a spheroidal galaxy; a likely cause for such a burst is a recent merger event. Our results are generally consistent with those of Norton et al. (2001) and Yang et al. (2004) , who find the dynamics and morphologies of local k+a galaxies are typical of early-type galaxies. These authors claim the origin is from the merger of two galaxies, at least one of which is gas-rich, based on tidal features in some galaxies (Zabludoff et al. 1996; Norton et al. 2001 ) (see also Swinbank et al. 2005 ). Although we do not see convincing evidence that a substantial fraction of our k+a galaxies are currently undergoing mergers, our images are not deep enough to see low surface brightness tidal features indicative of recent interactions.
The lack of bright, k+a galaxies in dense environments is consistent with the results of Poggianti et al. (2004) , who find that k+a galaxies in Coma are mostly much fainter than L * . However, our sample is too small to claim more than this consistency, due to the general rarity of bright galaxies and dense environments. In distant clusters, there is evidence that disk-dominated k+a galaxies may be more common (Tran et al. 2003) , and therefore could arise through a different mechanism from the bright, field k+a galaxies studied here. Our results are not inconsistent with this interpretation, as the few k+a galaxies we find in dense environments do have B/T < 0.6; however, there are too few galaxies to provide strong evidence either way.
CONCLUSIONS
We have presented UKIRT K−band observations of 222 galaxies selected from the SDSS first data release based on their strong Hδ absorption, W•(Hδ) > 4Å. The purpose of this paper has been to use K− band luminosities as a tracer of total stellar mass and morphology to study the connection between Hδ-strong galaxies with (e[a]) and without (k+a) strong nebular emission (i.e. ongoing star formation). Our conclusions are the following:
• The k+a and e(a) galaxies have very different distributions of morphology (although there is overlap). The k+a galaxies are mostly spheroidal; where there is a disk, it tends to be smooth with little sign of spiral structure. On the other hand, most e(a) galaxies resemble normal spiral galaxies with a prominent disk and spiral structure. Thus morphology is more closely correlated with ongoing star formation (emission lines) than with recent star formation (Balmer absorption).
• The K−band fractional bulge luminosities of k+a galaxies are too large to result from the truncation of star formation in a typical e(a) or normal spiral galaxy.
• The k+a galaxies form a surprisingly tight sequence in (u − g) and (r − k) colour, and Hδ line strength. A model of an old (13.7 Gyr), dust-free galaxy with a Salpeter initial mass function and a recent burst of star formation accounting for 15 per cent of its mass, traces the mean properties of this sequence well. However the burst strength is not well constrained; any value > 5 per cent is consistent within the scatter of the data. The lack of scatter in the dust-sensitive (r − k) colours for these galaxies suggests that their unusual spectral appearance is not due to the effects of dust.
• The e(a) galaxies form a sequence in (u − g)-(r − k) colourcolour space that is disjoint from the k+a sequence. Furthermore, the (r − k) colours of most are too red for their Hδ absorption to be accounted for by the same model that produces k+a galaxies. Instead, a consistent model for e(a) galaxies is that of a dust-reddened (by τV ∼ 2) but otherwise normal spiral galaxy. However, we have not searched for a unique model and other explanations may be admissible, including variations in the initial mass function.
• With the above interpretation, we can determine the M/LK ratio for each type of galaxy. While M/LK ∼ 0.55 for the e(a) population, M/LK = 0.8 ± 0.1 for the k+a galaxies. This latter value depends on the assumption that the starburst accounts for 15 per cent of the stellar mass; a 5 per cent burst has only a small effect and the resulting M/LK ∼ 1 is not too different from normal, evolved stellar populations.
• Galaxies with strong Hδ and a small amount of emission ( W•([OII]) < 10Å and W•(Hα) < 10Å) have colours and morphologies similar to those of k+a galaxies, and distinct from e(a) galaxies with stronger emission lines.
• Both e(a) and k+a galaxies are found in similar environments, as characterised by the number of bright neighbouring galaxies. The distribution of environments is typical of SDSS galaxies in general, and neither k+a nor e(a) galaxies are restricted to cluster cores or outskirts (< 3Rvir).
We therefore conclude that most e(a) and k+a galaxies are distinct populations, and arise in different ways. While most e(a) galaxies appear to be spiral galaxies with unusually high dust extinction (or perhaps an atypical initial mass function), most k+a galaxies are spheroidal galaxies with a recent, substantial (> 5 per cent by mass) burst of star formation. The progenitors of k+a galaxies may still have had an e(a) spectrum; these could either be the subset of present-day e(a) galaxies (the bluest examples with evidence of interactions), or a short-lived blue population that is not represented in our e(a) sample. However, most emission line galaxies selected on Hδ and r−magnitude alone are unlikely to be progenitors of k+a galaxies. (1-2) Right ascension and declination;(3) Redshift; (4) SDSS r magnitude; (5) Ks magnitude measured from our UKIRT data. Uncertainties are limited by the zeropoint and are ∼ 0.08 magnitude; (6) The fraction of K-luminosity in the bulge component, and uncertainty, as determined by GIM2D model fits. Note that these are meaningless in irregular systems (such as close pairs or mergers); (7) rest-frame equivalent width of Hδ, inÅ, from Goto et al. (2003) , where positive numbers represent absorption; (8) rest-frame equivalent width of Hδ based on the definition of Worthey & Ottaviani (1997) ; (9-10) Rest-frame equivalent widths of [OII] and Hα from the SDSS pipeline, measured inÅ with positive numbers indicating emission. 
APPENDIX A: GALAXY MORPHOLOGIES
In this appendix we present images for a subset of our sample. Figures A1-A3 show all of the k+a galaxies, sorted by B/T ratio. Figures A4-A5 show the same for a representative sample of k+a-like galaxies with weak emission lines ( W•(Hα) < 10Å and W•([OII]) < 10Å).
There are another nine of these galaxies in our sample, not shown here: all but one have B/T > 0.5. Finally, in Figures A6-A8 we show images for 60 of the 94 e(a) galaxies; Figure A6 shows the twelve bluest e(a) galaxies, while Figures A7 and A8 show a representative subsample of the remaining e(a) galaxies with disk-dominated morphologies or bulge-dominated morphologies, respectively. In each panel we label the B/T measurement and the galaxy ID number. A star is shown in the upper-left corner of the image if we have identified it as possibly interacting. Figure A1 . K− band images and model fits for k+a galaxies with B/T 0.52. In each set of three images, the left image is the central 12 ′′ of the original image; the middle panel shows the GIM2D model fit; and the right panel shows the residual between the model and the data. Contours shown on the model fits are logarithmically spaced. The B/T value and galaxy id are given above each set of three images. A star is shown in the upper-left corner of the image if we have identified it as possibly interacting; note that this identification is often based on features that are either difficult to discern on these small images, or are outside the image boundaries. Figure A2 . As Figure A1 , but for k+a galaxies with 0.52 < B/T < 0.7. Figure A3 . As Figure A1 , but for k+a galaxies with B/T 0.7. Figure A4 . As Figure A1 , but for a representative subsmple of k+a galaxies with a small amount of emission ( W•(Hα) < 10Å and W•([OII]) < 10Å) and B/T < 0.5. There is one other galaxy in our sample satisfying these criteria, but not shown. Figure A5 . As Figure A4 , but for B/T > 0.5. There are an additional 8 galaxies in this category, not shown here. Figure A6 . As Figure A1 , but for the bluest e(a) galaxies, with (u − g) < 1.1 and (r − k) < 2.7. Figure A7 . As Figure A1 , but for a representative sample e(a) galaxies with B/T < 0.5, excluding those shown in Figure A6 . There are another 31 galaxies
